ABSTRACT Background: Recently, the deleterious metabolic effects of visceral fat [visceral adipose tissue (VAT)] deposition were challenged, and liver fat emerged as having a key independent role in the modulation of cardiometabolic risk factors. Objective: We explored the relation between liver fat content and VAT in 3 ethnic groups and evaluated whether the ethnic differences in the distributions of lipoprotein concentrations and sizes were associated with the hepatic fat fraction (HFF), VAT, or both. Design: In a multiethnic group of 33 white, 33 African American, and 33 Hispanic obese adolescents with normal glucose tolerance, we measured VAT and HFF by using magnetic resonance imaging. Fasting lipoprotein particle number and size were measured by using nuclear magnetic resonance spectroscopy. To assess the association between VAT and HFF, we categorized VAT into tertiles. Results: In each ethnic group, HFF values increased between successive tertiles of VAT. After multivariate adjustment and in comparison with the 2 other groups, African Americans showed lower triglyceride (P = 0.001) and higher HDL (P = 0.03) concentrations, lower concentrations of total (P = 0.007), large (P = 0.005), and medium (P , 0.0001) VLDL, but higher concentrations of large HDL particles (P = 0.01) and larger HDL (P = 0.005). In multivariate linear models, independent of ethnicity, VAT was a significant predictor for large HDL (P = 0.003) and total small LDL (P = 0.001) concentrations, whereas HFF significantly predicted large VLDL (P = 0.03) concentrations. Conclusion: Liver fat accretion, independent of VAT, may play a role in the ethnic differences seen in large VLDL particles. This trial was registered at clinicaltrials.gov as NCT00536250.
INTRODUCTION
The metabolic effects of obesity and insulin resistance are different in African American children and adults than in whites and Hispanics (1, 2) . Despite higher prevalence rates of obesity in African American adolescents, metabolic syndrome features are significantly less pronounced in African American adolescents than in their white and Hispanic counterparts (3, 4) . Indeed, the concentrations of triglycerides and HDL cholesterol have been shown to be lower and higher, respectively, across all age groups in African Americans than in whites and Hispanics (5, 6) .
Although the factors responsible for these interracial differences are not completely known, it is likely that genetic differences could explain some of the interethnic differences in the lipoprotein profile. In particular, it was shown that polymorphisms in the lipoprotein lipase gene (LPL) (7) and hepatic lipase gene (LIPC) (8) strongly contribute to the different lipid profiles among different ethnicities.
Along with genetic factors, fat distribution may also play a pivotal role in determining the different lipoprotein phenotypes among different ethnic groups. In fact, the lower concentrations of triglycerides have been attributed to the lower accumulation of visceral adipose tissue (VAT) (6) that are typically seen in African Americans.
Few studies in adults have taken into account the potential contribution of liver fat content to alterations in the lipid profile (9, 10) . The liver plays a critical role in glucose and lipid metabolism (11) . The measurement of the hepatic fat fraction (HFF) by either nuclear magnetic resonance (NMR) spectroscopy or magnetic resonance imaging (MRI) has provided a unique opportunity to understand the role of hepatic fat in the complex clustering of cardiometabolic risk factors. Numerous studies indicate that, independent of overall adiposity, VAT is related to HFF in adults (12) . A recent study by Guerrero et al (13) showed that liver fat accumulation in a large group of adults was closely linked to visceral adiposity, regardless of ethnicity. Given that the 2 fat depots, VAT and HFF, tend to track together, it is conceivable that VAT itself may not be deleterious, and liver fat may ultimately be more closely related to dyslipidemia and insulin resistance. Indeed, a recent study by Fabbrini et al (14) contradicted the prevailing dogma that VAT has deleterious metabolic effects in adults.
With the use of fast gradient MRI to assess liver fat content, multislice MR imaging to measure abdominal fat, and proton NMR spectroscopy for quantifying lipoprotein subclasses, in our current study we explored 1) the relation between liver fat content and abdominal fat distribution in African American, white, and Hispanic obese adolescents with normal glucose tolerance (NGT) and 2) investigated whether liver fat content or intrabdominal fat content or both were associated with ethnic differences in the distributions of lipoprotein concentrations and sizes.
SUBJECTS AND METHODS

Study population
Thirty-three (33) white (12 men and 21 women), 33 Hispanic (13 men and 20 women), and 33 African American (10 men and 23 women) obese [body mass index (BMI) .95th percentile] adolescents with NGT [2 h glucose ,7.7 mmol/L (140 mg/dL)] were recruited from the Yale Pediatric Obesity Clinic. Detailed medical and family histories were obtained from all subjects, and physical examinations were performed. The Tanner stage of pubertal development was obtained. Participants were eligible if they were not taking any medications known to affect glucose metabolism or abdominal fat distribution.
The study protocol was approved by the institutional review board of the Yale University School of Medicine, and written parental consent and child assent were obtained before the study.
Metabolic studies
Before the assessment of the lipoprotein profile and glucose tolerance status, all subjects were instructed by a registered dietitian to follow a diet of '2000 calories (15% protein, 30% fat, and 55% carbohydrate) and to refrain from strenuous physical activity for 1 wk. Thus, all 3 groups were exposed to a similar diet and exercise regimen to minimize the potential effects of dietary factors and physical activity on lipid and glucose metabolism.
Oral-glucose-tolerance test
A standard oral glucose tolerance test was performed in all adolescents to establish glucose tolerance status. Subjects were studied at the Yale Clinical Center Investigation at 0800 after a 10-h overnight fast as previously reported (3) . Body weight and percentage body fat were measured with a body fat analyzer (Tanita Corporation, Arlington Heights, IL), and height was measured in triplicate with a wall-mounted stadiometer. Blood pressure was measured 3 times with a sphygmomanometer (model 01-752; American Diagnostics, Hauppauge, NY) while the subjects were seated, and the 2 last measurements were averaged for analysis. NGT was defined according to the guidelines of the American Diabetes Association (15) .
Indexes of insulin sensitivity
Insulin sensitivity was assessed by the whole-body insulin sensitivity index (WBISI) derived from the glucose and insulin concentrations during the oral-glucose-tolerance test (16) .
WBISI was validated against the hyperinsulinemic-euglycemic clamp studies in obese children and adolescents (17) .
Lipoprotein analyses
Fasting plasma samples were obtained to determine lipoprotein particle concentrations and sizes. The analyses were conducted with a 400-MHz proton NMR analyzer at Liposcience (Raleigh, NC). The methodology has been described in detail (18) . In brief, each lipoprotein subclass concentration was measured by the amplitudes of the characteristic lipid-methyl group NMR signals that they emit (19) . The intensity of each signal was proportional to the quantity of the subclass, which was reported in particle concentration units (in nmol/L for VLDL and LDL and lmol/L for HDL cholesterol). VLDL, LDL, and HDL cholesterol were separated into 10 subclass categories: large VLDL (including chylomicrons) (.60 nm), medium VLDL (35-60 nm), small VLDL (27- 
Imaging studies
Abdominal MRI and total body composition (dual-energy Xray absorptiometry)
Multislice abdominal MRI studies were performed with a Siemens Sonata 1.5 T system (Siemens, Malvern, PA) as previously described (20) . Total body composition was measured by dual-energy X-ray absorptiometry with a Hologic scanner (Hologic, Boston, MA).
Fast MRI: liver fat content
Measurement of liver fat content was performed by MRI by using the 2-point Dixon (2PD) method modified by Fishbein et al (21) on the basis of phase-shift imaging, where HFF was calculated from the signal difference between the vectors that resulted from in-phase and out-of-phase signals. With the use of the MRIcro software program (version 1.40; Atlanta, GA), 5 regions of interest were drawn on each image, and the mean pixel signal-intensity level was recorded. The HFF was calculated in duplicate from the mean pixel signal-intensity (S) data by using the formula:
The presence or absence of steatosis was measured by a threshold value for HFF of 5.5% (.2.5 SD above the mean of our control subjects). This cutoff is supported by the results from a large study that applied a more quantitative measure of hepatic fat content by using 1H magnetic resonance spectroscopy of which the 95th percentile of hepatic fat content was 5.5% (22, 23) .
Validation of fast MRI
We validated the modified 2PD method against 1 H-NMR in 34 lean and obese adolescents and observed a very strong correlation between the 2 methods (r = 0.954, P , 0.0001) (24) .
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To assess its repeatability (test and retest reliability), measurements were obtained (within the same day) in 12 subjects. The within-subject SD for HFF was 1.9%. This degree of reproducibility was well within the boundaries necessary to make this a viable method to assess the relation between HFF and metabolic outcomes. Kim et al (24) observed that a 2PD HFF cutoff of 3.6% provided good sensitivity (80%) and specificity (87%) compared with a 1 H magnetic resonance spectroscopy reference. Comparisons between the 2PD method and histologic determination of fatty liver have been made, albeit only in adults. In 38 patients who were undergoing biopsies for a variety of liver diseases, Fishbein et al (25) observed a highly significant correlation between liver histology and MRI determination of HFF, particularly with macrovesicular steatosis (r = 0.920, P , 0.001). 
Biochemical analyses
Statistical analyses
The first aim of the study was an exploratory one in which we anticipated from previously published studies and our own clinical experience that the proportion of children with the lowest or highest tertiles of visceral fat would be different within each ethnic group although there would be an approximately normal distribution of visceral fat in the group of children studied. For the second aim, with 33 subjects per ethnic group, we proposed that we would have an 80% power to detect an R 2 in the range of 5.6-6.4% attributed to either visceral fat or liver fat by using an F test with a significant level (a) of 0.05. The variables tested would be adjusted for an additional 4 independent variables (race, BMI z score, percentage body fat, and WBISI) with an R 2 that ranged between 0.15 and 0.25. The final multiple regression models for aim 2 were powered at 80% to have a total R 2 in the range between 0.21 and 0.31.
Anthropometric variables were compared among ethnicities by using analysis of variance. Adjusted comparisons were performed by using general linear models adjusted for age, sex, BMI Z score, and percentage body fat. Post hoc pairwise comparisons were made by using Tukey's test. Sex and pubertal status (Tanner stage II compared with stages III-IV) were compared by using chi-square statistics.
For the purpose of exploring the association between VAT and HFF, we categorized visceral fat depot (in cm 2 ) into tertiles. The data are presented as box plots of HFF by tertiles of VAT within each race (smallest observation, lower quartile, median, upper quartile, and largest observation). For each ethnicity, the nonparametric Kruskal-Wallis test was used to compare the distribution of HFF across the tertiles of VAT. Wilcoxon's rank sum test was used to conduct post hoc pairwise comparisons between tertiles with the level of a adjusted with the Bonferroni correction (0.05/3'0.02). The potential moderating effect of ethnicity on the association between HFF and VAT was explored with linear regression analysis that included an interaction between the tertiles of VAT and ethnicity adjusted for age, sex, BMI z score, and percentage body fat.
Multiple linear regression models, adjusted for age, sex, BMI z score and percentage body fat, were used to evaluate ethnic differences in plasma lipids and lipoprotein concentrations and sizes. Results are presented as adjusted means (6SEs) obtained from the multiple regression models.
For multiple linear regression analyses, adjusted for age, sex, BMI z score, percentage body fat, and WBSI, we used a stepwise approach to first evaluate ethnic differences in large VLDL concentrations and VLDL sizes, small LDL concentrations and LDL sizes, large HDL concentrations and HDL sizes (model a) and then tested the independent effects of VAT (model b) and HFF (model c) on the outcomes over and above those attributable to ethnicity. Model d tested whether VAT or HFF or both significantly predicted the outcomes of interest. A final adjusted model for each outcome was selected among the models a, b, c, and d on the basis of the R 2 statistic and the relative contribution of VAT or HFF or both at a , 0.05. Because multicollinearity was a potential pitfall in the regression models, we used a tolerance ,0.20 or variance inflation factor 5 to indicate a problem with multicollinearity.
Where appropriate, log transformations were used to normalize outcome variables with skewed distributions. Statistical significance in the multiple regression models was established with a = 0.05 with appropriate corrections for multiple comparisons when required. Statistical analyses were performed with SAS software (version 9.1; SAS Institute Inc, Cary, NC).
RESULTS
Demographic and anthropometric characteristics
There were more girls (64.6%) than boys (35.4%) in our population, and the mean age of participants was 14.6 6 2.7 y. The sex and age distribution were similar in all 3 ethnic groups. The pubertal stage of development did not differ among ethnicities (P = 0.5). On average, BMI and BMI z scores were significantly higher in African Americans than in white and Hispanic groups (P for BMI = 0.007, P for BMI z score = 0.005) ( Table 1) .
Percentage body fat was greater in African American youths that in either white (P = 0.006) or Hispanic (P = 0.007) groups. Despite the greater level of overall adiposity in African American adolescents, significant differences emerged in the distribution of body fat. VAT was significantly lower in African Americans than in Hispanics (P , 0.0001) and whites (P , 0.0001), whereas subcutaneous fat was comparable among ethnicities. HFF results paralleled the findings of the VAT. HFF was significantly lower in African Americans than in white (P = 0.001) and Hispanic (P = 0.01) youths.
Metabolic characteristics
Fasting glucose, 2-h glucose, and adiponectin concentrations were not significantly different between ethnicities (P . 0.05). Likewise, no significant ethnic differences were shown for fasting insulin and insulin sensitivity (WBISI). Alanine transaminase and aspartate aminotransferase concentrations were significantly lower (P = 0.006 and P = 0.008, respectively) in African Americans than in both white and Hispanic adolescents. Systolic and diastolic blood pressures were comparable among the ethnicities (P . 0.05).
Ethnic differences in the relation between visceral fat depot and hepatic fat content
After we observed that visceral and liver fat significantly varied by ethnicity, we examined the effect of increasing amounts of VAT on the accumulation of fat in the liver within each ethnic group. As shown in Figure 1 , in white and Hispanic adolescents, HFF values significantly increased across tertiles of VAT (P = 0.002 and P = 0.004, respectively). In African American obese youths, HFF showed an increasing trend across the tertiles of VAT (P = 0.105).
Post hoc pairwise comparisons of HFF distributions between specific tertiles of VAT showed that HFF significantly increased with increasing of VAT in whites and Hispanics, whereas this was not observed in African Americans. The nonsignificant association between rising levels of visceral fat and hepatic fat in the African American group could be due to the small sample size, which may preclude any significant difference. The interaction between ethnicity and tertiles of visceral fat was not significant (P = 0.830), which indicated that the rate of increase in HFF across the tertiles of VAT did not significantly differ between the 3 ethnic groups.
Ethnic differences in plasma lipids and lipoprotein concentrations and sizes
Plasma lipids
Lower concentrations of triglycerides (P = 0.001) and higher concentrations of HDL cholesterol (P = 0.03) were observed in African American youths than in the other 2 groups. No ethnic differences were detected for concentrations of total cholesterol (P = 0.8) and LDL cholesterol (P = 0.8) ( Table 2) .
VLDL particle concentrations
After adjustment for age, sex, BMI Z score, and percentage body fat, concentrations of total VLDL (P = 0.007), large VLDL (P = 0.005), and medium VLDL (P , 0.0001) were consistently lower for African Americans than for the other 2 ethnicities. 2 Derived by chi-square analysis. 3 Derived by ANOVA. 4 Log transformed for analysis. 5 Derived by general linear model analysis adjusted for age, sex, BMI z score, and body fat.
IDL particle concentrations
No ethnic differences were detected for the IDL particle concentrations among groups (P = 0.8).
LDL particle concentrations
Comparable distributions of concentrations for total LDL (P = 0.5), large LDL (P = 0.8), total small LDL (P = 0.3), mediumsmall LDL (P = 0.4), and very small LDL (P = 0.3) were observed across different ethnicities. It should be noted that all 3 groups had higher concentrations of small LDL particles than of large LDL particles. This overproduction of small LDL may be related to the ambient degree of insulin resistance, which was similar across the groups.
HDL particle concentrations
African American obese adolescents had significantly higher concentrations of large HDL particles than did white obese adolescents (P = 0.01). Concentrations of total HDL (P = 0.3), medium HDL (P = 0.9), and small HDL (P = 0.3) did not substantially vary by ethnicity.
Particle sizes
With regard to overall sizes of the lipoproteins, no significant ethnic differences were observed for VLDL particle sizes (P = 0.2) or LDL particle sizes (P = 0.2). African Americans had significantly larger HDL particle sizes (P = 0.005) than did the other 2 groups.
Effect of hepatic fat content [HFF (%)] and visceral fat [VAT (cm
2 )] on ethnic differences in the proatherogenic profile Large VLDL particle concentrations and VLDL sizes After adjustment for age, sex, insulin sensitivity, BMI z score, total body fat, VAT, and HFF, multiple regression analyses indicated that the distribution of large VLDL concentrations was not influenced by ethnicity (P . 0.05) (model d; Table 3 ). Although we observed a trend for VAT in model b (P = 0.08), when HFF was added in model d, the predictive value of VAT became not significant (P = 0.29) (Table 3 ). Therefore, model d was selected as the final adjusted model (Table 3) , which accounted for 40% of the variability in the distribution of large VLDL concentrations, with the dependent variable predicted by HFF (P = 0.03) significantly and independently of VAT (P = 0.29).
There were no ethnic differences in VLDL sizes in the adjusted multiple regression models c and d in Table 4 (P . 0.05 for ethnic comparisons). HFF (P = 0.02) was a significant independent predictor (model c for VLDL size; Table 4 ). However, when VAT was added in model d, the predictive value of HFF decreased (P = 0.07), whereas that the predictive value of VAT remained not significant (P = 0.32). Therefore, model d was selected as the final model for VLDL size (R 2 = 0.265).
Small LDL particle concentrations and LDL sizes
The distributions of total small LDL concentrations and LDL sizes did not vary by ethnicity (P . 0.05 for comparisons between ethnicities). The final model was chosen to be model d, with VAT as the significant independent predictor, and explained 30% of the variability in the concentrations of total small LDL (R 2 = 0.296) ( Table 3) . VAT was also a significant predictor of LDL size (model b for LDL size; Table 4 ). However when VAT and HFF were added to the regression (model d), VAT became less significant (P = 0.08), whereas HFF remained not significant (P = 0.43). Therefore, the final model for LDL size was model d in Table 4 .
HDL particle concentrations and HDL sizes
Ethnic differences in large HDL concentrations and sizes were significantly explained by VAT. The final model was chosen to be model b with VAT as the significant independent predictor. This model explained 33% of the variability in the distribution of HDL concentrations (model b; Table 3 ) and 36% of variability in the Table 4 ). HFF did not explain the variability in the distribution of either the concentrations of large HDL or HDL sizes (P . 0.05).
DISCUSSION
In the current study, we showed that, at similar concentrations of VAT, African American youths had lower liver fat contents than did whites and Hispanics. Furthermore, liver fat accumulation, independent of VAT and insulin resistance, emerged as an important predictor in large VLDL particle concentrations seen among the 3 ethnic groups. In contrast, the contribution of liver fat to the variance in both LDL and HDL subclasses was mitigated by the greater effect of VAT.
Consistent with other reports (26, 27) , our study showed ethnic differences in the distribution of large VLDL, with whites and Hispanics having much higher concentrations. However, ethnic differences in VLDL sizes were not significant. Results from our multivariate analysis revealed that liver fat content (%HFF) was independently and significantly associated with large VLDL. This is in contrast with other studies in children (6) that showed that high concentrations in large VLDL were accounted for by VAT. In those studies, the effect of liver fat, crucial ectopic fat, was not taken into account. Our study is consistent with studies (10, 28) performed in adults that indicated that liver fat is a significant correlate of triglyceride concentrations and VLDL particles, independent of VAT.
The distributions of small LDL particle concentrations and LDL sizes were comparable among ethnicities. This is in contrast to other studies that showed black children had larger LDL size particles than did white children (29) . We attribute the lack of racial and ethnic differences in our study to the small sample size and perhaps because the level of obesity in the black children was rather substantial and thus may have overridden any other protective mechanisms linked to their genetic background. In all 3 ethnic groups, small LDL concentrations were twice as high as the large LDL particle concentrations, which suggested that all 3 groups may have been overproducing small LDL particles. In contrast, large HDL concentrations and sizes were significantly higher in the African American adolescents than in the other 2 ethnic groups (Table 2) in accordance with previous studies (6) . The lower triglyceride concentrations in the African American group may be due, to some extent, to an increased hydrolysis of plasma triglycerides. However, in the absence of turnover studies, it is difficult to know precisely if the VLDL production and clearance are equally affected by ethnicity and obesity.
Contrary to the independent role of liver fat in predicting large VLDL, we observed the opposite for effect for small LDL and large HDL particles, namely that their concentrations were significantly more related to the amount of VAT (Table 3 ). Thus, depending on the type of lipoprotein, there seem to be different effects of liver fat and visceral fat in obese adolescents. Although it is conceivable that both VAT and liver fat carry independent health risks, how they may have differential effects on the various lipoproteins is unclear. The close association shown between VAT and liver fat would suggest a putative causal link, particularly in whites and Hispanics. The sustained exposure of the liver to an increased flux of free fatty acids (eg, portal theory), secondary to the enlargement of the VAT, has been often raised as an explanation of this close association between VAT and fatty liver (30) . However, the validity of the portal theory has been questioned by studies that indicated that only 20% of portal vein FFA delivered to the liver is derived from the lipolysis of VAT in obese subjects (31) . Therefore, another possible mechanism may be due to the greater availability of nonsystemic fatty acids derived from the lipolysis of intrahepatic triglycerides, as suggested by Fabbrini et al (14) . A schematic representation of our hypothetical model explaining the origin of the cardiometabolic risk profile by ethnicity is shown in Figure 2 . Although the focus of the current study was mainly on how different patterns of fat distribution might be associated with ethnic differences in lipoprotein profiles, genetically driven interethnic differences in lipoprotein profiles need to be considered. Indeed, polymorphisms in human LIPC and LPL together may account for the interethnic differences in triglyceride and HDL concentrations (7, 8, 32, 33) . Several studies (8, 33) have shown that the T allele at position 2514 of the promoter region of LIPC, which is associated with lower hepatic lipase activity and higher HDL concentrations, is higher in African Americans than in whites. Likewise, common variants in the LPL have been shown to contribute to the ethnic differences in fasting serum triglyceride concentrations (7, 32, 34) . For instance, the LPL 293T/G promoter common variant, which was previously reported to have a triglyceride-lowering effect, is more prevalent in African Americans than in whites (32) . These findings support the hypothesis that some of the population variation in lipid traits is indeed genetic and can be attributed to variants that have different frequencies in different ethnicities (7) .
Insulin resistance is known to be associated with an increased large VLDL and small LDL concentrations and a lower HDL concentration, irrespective of race and sex (5, 6) . In our study, insulin sensitivity was not significantly different among the 3 ethnic groups, despite the profound differences in body fat distribution. Although insulin sensitivity was a significant determinant of large VLDL, small LDL, and large HDL, it lost significance when either liver fat or VAT were entered in the model (Table 3 , models b-d).
Limitations of the current study are due to its cross-sectional design, which did not prove causality. Given the sample size, we were unable to stratify our analysis by sex, and therefore, we may have underestimated any potential sex differences in lipoprotein particles across the ethnic groups. However, all analyses were adjusted for age and sex. The study had sufficient power to conclude that hepatic fat accumulation is an important independent predictor of large VLDL concentrations. Lastly, although the lack of a control nonobese group might have enhanced our understanding of the ethnic differences in lipoprotein profiles, we believe that it would not have played an important role in the assessment of the association between patterns of fat distribution and lipoprotein profiles among the 3 ethnic groups. This is because ectopic fat in lean children is virtually nonexistent and, thus, unmeasurable.
In conclusion, VAT is closely linked to liver fat in white, Hispanic, and African American obese adolescents. Liver fat accretion, independent of visceral fat and insulin resistance, is a strong independent marker of large VLDL particles. In contrast, the contribution of liver fat to the variance in LDL and HDL subclasses was mitigated by the greater effect of visceral adiposity. The more favorable metabolic risk profile of African American youths could be linked to the lower accretion of fat in the liver and visceral compartment. 
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